In Automated Highway Systems (AHS), vehicles will be able to follow each other automatically by using their own sensing and control systems, effectively reducing the role of the human driver in the operation of the vehicle. Such systems are therefore capable of reducing one source of error, human error, that diminishes the potential capacity of the highways and in the worst case becomes the cause of accidents. The inter-vehicle separation during vehicle following is one of the most critical parameters of the AHS system, as it affects both safety and highway capacity. To achieve the goal of improved highway capacity, the inter-vehicle separation should be as small as possible. On the other hand, to achieve the goal of improved safety and elimination of rear end collisions, the intervehicle separation should be large enough that even under a worst case stopping scenario, no vehicle collisions will take place. These two requirements demand diametrically opposing solutions and they have to be traded off. Since safety cannot be compromised for the sake of capacity, it becomes a serious constraint in most AHS design decisions. The trade-off between capacity and safety gives rise to a variety of different A H S concepts and architectures.
ABSTRACT
In Automated Highway Systems (AHS), vehicles will be able to follow each other automatically by using their own sensing and control systems, effectively reducing the role of the human driver in the operation of the vehicle. Such systems are therefore capable of reducing one source of error, human error, that diminishes the potential capacity of the highways and in the worst case becomes the cause of accidents. The inter-vehicle separation during vehicle following is one of the most critical parameters of the AHS system, as it affects both safety and highway capacity. To achieve the goal of improved highway capacity, the inter-vehicle separation should be as small as possible. On the other hand, to achieve the goal of improved safety and elimination of rear end collisions, the intervehicle separation should be large enough that even under a worst case stopping scenario, no vehicle collisions will take place. These two requirements demand diametrically opposing solutions and they have to be traded off. Since safety cannot be compromised for the sake of capacity, it becomes a serious constraint in most AHS design decisions. The trade-off between capacity and safety gives rise to a variety of different A H S concepts and architectures.
In this study we consider a family of AHS operational concepts. For each concept we calculate the minimum inter-vehicle spacing that could be used for collision-free vehicle following, under different road conditions. For architectures involving platoons we also use the alternative constraint of bounded energy collisions to calculate the minimum spacing that can be applied if we allowed collisions at a limited relative velocity in case of emergency stopping. The minimum spacing is used to calculate the maximum possible capacity that could be achieved for each operational concept.
INTRODUCTION
Urban highways in many major cities are congested and need additional capacity. Historically, capacity has been added by building additional lanes and new highways. Scarcity of land and escalating construction costs make it increasingly difficult to add capacity this way. One possible way to improve capacity is to use current highways more efficiently. The concept of Automated Highway Systems ( A H S ) was introduced to improve the capacity of the current transportation systems by using automation and intelligence.
Highway capacity depends on two variables: The velocity of the vehicles and the distance between them. Clearly, the higher the velocity of the vehicles, the higher the number of vehicles per lane per hour will be. But the vehicles need to maintain a certain amount of "safety distance" between them, to accommodate for the case that the flow of vehicles has to be slowed down or stopped, by applying the brakes. The moment that each vehicle starts applying its brakes typically involves a couple of seconds of delay in relation to the onset of braking of the vehicle in front, due to the fact that the human drivers need some time to process the information they perceive [ 1 j, plus an additional time delay to react and a delay for the mechanical and hydraulic systems of the vehicle to respond. During this time, the vehicle continues moving forward at practically the same speed and if there is not sufficient space between the leading and the following vehicle at the moment the leading vehicle applies the brakes and begins to decelerate, a collision would be inevitable. Even if the follower begins to apply its brakes at exactly the same time as the leader, the deceleration of the leading and the following vehicle may not match [2, 3] and this generates the need for additional inter-vehicle distance during the cruising stage in order to accommodate for the difference in braking performance. Some of the earlier studies [4] made the assumption that the leading and trailing vehicles have the same deceleration characteristics. In more recent studies [5], these assumptions were removed.
Heavy vehicles travel a significantly longer distance from the moment they apply their brakes until they come to a complete stop. This has to be accommodated for by allowing a significantly larger inter-vehicle spacing. On the other hand, when a light vehicle follows a heavy vehicle, the braking distance is not the limiting factor because typically the light vehicle will be able to come to a stop in a much shorter time and distance. In this case, the limiting factors are the initial conditions and the total delay between the time that the leader starts decelerating and the time that the follower starts decelerating at the maximum possible deceleration.
The delay in detecting and in reacting to the leading vehicle's deceleration can be reduced significantly, by taking the human driver out of the "control loop" [6,7,8,9]. With advances in technology and vehicle electronics, systems that were previously considered impossible to implement or too costly are becoming feasible and available. One such system is a functional extension of the classic cruise control @I. The cruise control which is widely available on luxury cars today, is a controller that controls a throttle actuator in order to maintain constant vehicle speed. The next step in functionality, is a controller that uses a sensor to measure the relative distance and the relative speed to any vehicle ahead and controls a throttle and a brake actuator in order to follow at the same speed and maintain a fured relative distance [8, 10, 11, 12] . Such vehicles can follow each other in the same lane automatically by relying on their own sensors and controls. Vehicles that rely on their own sensors, controls and intelligence to operate in a highway environment are referred to as "autonomous vehicles". Advances in communications made it possible for vehicles to communicate with each other exchanging information about braking intentions and capabilities, acceleration, lane changing etc. The infrastructure may also support vehicle following and maneuvers by providing desired speed and spacing commands in addition to traveler information. This operating concept is referred to as "infrastructure supported free agent vehicles".
When the infrastructure becomes actively involved by sending braking commands for emergency stops and lane changing maneuvers, we have an operating concept referred to as "infrastructure managed free agent vehicles".
Another concept is to organize vehicles in "platoons" of a certain size where the intra-platoon spacing is very small and the inter-platoon spacing could be larger for safety purposes. In this case each platoon appears to the infrastructure as a single unit and therefore can be managed more efficiently. Each platoon is now responsible for the control of its vehicles.
If the inter-vehicle separation becomes very small, the laws of physics dictate that collisions between vehicles may be inevitable. In the interest of safety and avoidance of vehicle damage it will be of paramount importance that the energy dissipated during the collision be constrained. Since safety cannot be compromised for the sake of capacity, it becomes a serious constraint in most AHS design decisions [13] .
In this study we consider a family of AHS platooning concepts. For each concept we calculate the minimum inter-vehicle spacing that would be required to guarantee either collision free following or bounded energy dissipation in the event of a collision. We will be assuming that if the collisions are relatively rare events, are always very minor and cause no permanent damage to the vehicles, the public might be willing to accept the fact that collisions may happen. Allowing for collisions to happen can reduce the minimum headway requirements for a platoon based A H S architecture.
Finally, in a slightly different operational concept, a high level of synchronization is introduced where each vehicle is allocated a slot in time and space. The infrastructure manages the slot distribution by issuing the appropriate commands for each vehicle. The degree of infrastructure involvement and distribution of intelligence lead to different operational concepts and architectures for AHS. The purpose of this section is to study the Minimum Safety Spacing (MSS) for a number of different AHS concepts and architectures and to obtain capacity estimates.
SAFE INTERVEHICLE SPACING ANALYSIS
Inter-vehicle spacing during vehicle following is a very critical parameter of highway traffic. Insufficient spacing is usually the cause of rear-end collisions. In principle, the possibility of having a rear-end collision can be reduced by increasing the inter-vehicle spacing. However, the spacing that guarantees collision-free vehicle following can be characterized only when the braking scenario is known and well defined.
A braking scenario, which describes exactly how the vehicles brake, is usually specified by the deceleration profiles of the vehicles as a function of time. For each scenario there is a minimum spacing which must be maintained during steady state traffk flow, if collision-free vehicle following must be guaranteed. In this section we develop the basic equations that can be used to calculate the minimum spacing for collision free vehicle following, given the deceleration response information for both the leading and the following vehicle.
Minimum spacing for collision avoidance
Consider two vehicles following each other, as shown in Figure  1 . Assume that at t = 0 the leading vehicle begins to brake according to the deceleration profile defined by a@) and the following vehicle brakes according to the deceleration profile defined by a,@). Assume that 4 and L,-are the lengths of the leading and following vehicles respectively. At t=O the leading vehicle has a velocity Vl(O)=Vio and a position SI(O)=S~O and the following vehicle has a velocity VAO)=Vp and a position SAO)=S,.
If the spacing between the two vehicles at t=O, S,(O) = Sm -Sp -LI is large enough, then there would be no collision during braking maneuvers.
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For a given braking scenario we would like to calculate the minimum value of the initial intervehicle spacing S,(O) for which there will be no collision. We refer to this value as the Minimum Safety Spacing, (MSS) [14] .
The spacing between the two vehicles measured from the front of the following vehicle to the rear of the lead vehicle is given by 
(8)
and
The position of the leading vehicle at each time t is given by (9) The relative spacing at each time t is given by
If both the leading and following vehicle are in the same lane, then SXt) > 0 for all t E (0,tJ will imply no collision, whereas S,(t) c 0 at some t = tc E (0,tJ will imply collision.
The MSS value denoted by S,,,in is given as:
In other words S d n is equal to the maximum distance by which the following vehicle would overtake the leading vehicle at any time t i n the interval [O,t,] in the scenario shown in Figure 2 .
Based on the above analysis, we have written a computational tool with a graphical user interface to facilitate the computation for different cases and braking scenarios. The program allows us to specify the deceleration profile for the leading and the following vehicle as well as all the relevant parameters. It allows us to compute the resulting velocity and spacing profiles and to calculate the MSS.
Minimum spacing for low impact collisions
The relative velocity at impact is the most significant factor determining the severity of the collision and the extent of property damage and the possibility of passenger injury [15] . In vehicle following situations, the relative velocity between the leader and the follower is determined by differences in deceleration rate and by the time differential of the onset of braking. Assuming the leader and the follower had been traveling at approximately the same speed, the inter-vehicle spacing becomes the critical parameter. In principle, the possibility of having a rear-end collision can be reduced by increasing the inter-vehicle spacing. However, the spacing that theoretically guarantees collision-free vehicle following can be characterized only when the braking scenario is known and well defined and the parameters are not subject to variations. Furthermore, the amount of spacing required in order to provide a guarantee at a 100% confidence level that collisions will never happen, might be surprisingly large, much larger than the spacing we are used to seeing with manual driving. Hence, it might be very hard or impossible to guarantee a collision free environment. The dynamics and effects of inter-vehicle collisions should therefore be analyzed and understood.
Accepting the fact that inter-vehicle collisions may occasionally happen, requires that we carefully study the effects of such collisions to the vehicles involved. The conservation of momentum theorem states that after the collision of two objects the vector sum of the momentum before the collision will be equal to the vector sum of the momentum after the collision. If the two objects have mass ml and m2 respectively and velocities ul and u2 respectively before the collision, they will have velocities vl and v2 respectively after the collision, such that:
The collision coefficient CC has been defined to be the scalar:
The collision coefficient is the ratio of the relative velocity a1 which the two objects separate after a collision over the relative velocity that the two objects approached each other before the collision. When CC = 1 we have what we call "elastic" impact. When cc = 0 we have what we call "plastic" impact. In the former case the two objects bounce off each other at a relative velocity equal to their relative velocity before the impact. In the latter case the two objects essentially "stick" to each other and keep moving as one. Real world objects rarely behave like these extremes, so the collision coefficient will be assuming values between 0 and 1.
In the following subsection we develop the basic equations that can be used to calculate the minimum spacing for vehicle following, given the deceleration response information for both the leading and the following vehicle, under the fundamental assumption that collisions may be acceptable if we can guarantee that the collision impact will not exceed a predetermined limit.
Bounded Collision Energy Analysis
In recent literature Gli" and Fenton [16] We want to determine the necessary spacing between the two vehicles at t=O, SdO) = So'-SA, -LJ such that if there is a collision during braking maneuvers, the impact will happen at a relative velocity bounded by a preset upper limit, AVs that gives a low accident severity index S2.
For a given braking scenario we would like to calculate the minimum value of the initial intervehicle spacing S,(O) that will lead to collisions at relative velocities smaller than AVs. We will refer to this value as the Minimum Impact Spacing, (MIS).
The spacing between the two vehicles measured from the front of the following vehicle to the rear of the lead vehicle is given by where and (17) Figure 4 The collision severity (impact energy) versus initial intervehicle spacing.
If the decelerations a(t) and d t ) and initial positions h d velocities are specified, the MIS can be calculated in a way very similar to the method used earlier. Let's assume that we want to bound the energy of the collision by limiting the relative velocity just before the collision to less than AV. Let's also assume the existence of energy absorbing bumpers that can absorb and dissipate the energy of the collision, thus guaranteeing a perfectly plastic collision. (cc = O), The diagram of Figure 4 indicates that there are two ways to limit the relative velocity before the collision.
Assuming initial conditions where the leading and the following vehicle travel at approximately the same speed, we can guarantee that there is not enough time for a velocity differential to develop by limiting the relative spacing between vehicles to a very small distance. This leads to one possible vehicle following scenario, where in the event of an emergency the vehicles will always collide with each other and with the assumption of plastic collisions they will continue traveling as a single body until they come to a full stop.
The second likely braking scenario assumes that there is sufficient headway between vehicles but somewhat less than what would be required to guarantee no collisions in the event of emergency braking. We can apply the same methodology we used earlier to determine the minimum headway between vehicles that guarantees collisions with relative velocity less than a pre-selected AV. Assume that the two vehicles travel in the same direction but in two separate lanes. The position of the vehicles at time t = 0 is shown in Figure 2 .
Let tsi be the time needed by the leading and the following vehicle to slow down from their initial velocities Vb and to velocities Vbi and V,, such that Vrsl -v,, < AV . This condition may occur more than once, from the moment the leading vehicle applied deceleration until the moment the following vehicle comes to a full stop. Therefore we are interested in computing the headway for the two boundary cases. The case where the vehicles have first developed a sufficient AV and the case where the vehicles axe at the end of the braking trajectory, the leader may have already stopped, but the follower is still moving and there is still a AV between them. The equations are practically the same as before. We have: 
The relative spacing at each time t is given by s, ( t ) = s, ( t ) -a, -Sf ( t ) and the relative speed at each time t is given by
(25) In this case we have to determine the time instances tcl and ICz where the relative velocity is equal to the desired limit. Having determined tcJ and tcz we can then determine the relative spacing between the two vehicles. Therefore the Minimum Impact Spacing, MIS has a minimum value and a maximum value. To limit the impact of the first collision at tcl, we must allow for a maximum headway of Smm = -max S,(t), V t E (O,L1].
To limit the impact of the last collision at tn, we must allow for
From this description it becomes clear that the required headway must be either less than Smm or greater than S d n . (see Figure 4) .
The two limits, S,, and S,,,in, are equal to the distance by which the following vehicle would have overtaken the leading vehicle at the time instances LJ and &z respectively, which corresponds to the time instances when their relative velocity is equal to AV, assuming the initial conditions shown in Figure 2 . We have incorporated this algorithm into our spacing calculation software. Given the braking profiles and all relevant parameters and the acceptable relative velocity at collision limit, we can use the program to calculate S-and S d n .
SPACING AND CAPACITY EVALUATIONS
We applied the methodology presented in the previous section to calculate intervehicle spacing for a variety of architectures and operational concepts for AHS. Among them we considered: For each one of these concepts, we calculated the minimum safety spacing for wet and dry road pavement. Generally, the braking ability of all vehicles is best on dry pavement. It degrades substantially on wet pavement and braking ability is virtually lost on snow. In our analysis, we used braking performance data from vehicle tests performed by established authorities. For passenger vehicles, we use information from the "Consumer Reports" [2] and the consumer oriented "Road and Track magazine [3] . For heavy vehicles like buses and trucks, we obtained information from government tests [17] . The braking capability of any vehicle degrades on wet pavement by a factor determined by the texture of the pavement and the type of tires used. We represent that as a change in the friction coefficient p. The data collected give a quantitative estimate of the friction coefficient on dry, wet and snowed pavement. The numbers vary, depending on the vehicle, its tires and the presence of ABS (Antilock Braking System). A typical vehicle that can achieve 0.8g deceleration on dry pavement can go down to 0.55g in wet conditions and to as low as 0.15g in snow.
We use the computed spacing to calculate the maximum possible throughput, referred to as the capacity C. The capacity is measured as "the number of vehicles per hour per lane" and in the case of mixed traffk (i.e. passenger cars, trucks and buses), it is given by the formula:
where V is the speed of flow measured in meterdsec, Lp is the length of passenger cars, LB is the length of buses and LT is the length of trucks with trailers, in meters. The parameter hpp is the minimum time headway between passenger cars, hm is the minimum time headway between a passenger car and a truck that follows it, h p is the minimum time headway between a truck and a passenger car that follows it, hpB is the minimum time headway between a passenger car and a bus that follows it and hBp is the minimum time headway between a bus and a passenger car that follows it, in seconds. WB is the percentage of buses and WT is the percentage of trucks in the mix.
For platoons, the capacity is calculated using the formula:
where Lp is the length of each vehicle in the platoon (we have The capacity estimates results indicate that the capacity is reduced by 30% to 40% by going from dry road to wet road conditions under each concept. The capacity is also reduced by about 10% if all vehicles are required to use the same amount of braking force during emergency stopping (the concept of uniform braking). Mixing of different classes of vehicles reduces capacity by about 11% in the case of mixing 2.5% buses and 2.5% trucks with passenger vehicles and by about 23% with 5% buses and 5% trucks. Platooning with coordinated braking promises the highest capacity. Infrastructure managed slotting yielded the lowest capacity. The use of vehicle to vehicle communication for notifying vehicles about the onset of braking used in the Free Agent and Platooning based concepts helps increase capacity considerably. The results developed were based on realistic assumptions regarding braking capabilities, worst case stopping scenarios etc. Despite this effort there are still a few uncertainties in the choice of intcrvchicle spacing parameters that need to be addressed. The level of conservatism is one of them and is related to the tradeoff between safety and capacity. The frequency of failures on AHS operations that lead to the need for emergency braking is another uncertainty that depends on how AHS will be designed and operated.
